fiber pennation angle) but also by its neurophysiological properties (e.g., motor unit recruitment, rate coding, motor unit synchronization). Several studies have shown that the deficits in knee extensor strength found after knee injuries are attributable more to decreased knee extensor muscle activation than to muscle atrophy due to disuse [1] [2] [3] . The inability to maximally activate the knee extensors in the absence of frank tissue damage can alter athletic performance, which often relies on optimal contraction of this lower-extremity muscle group [1].
The interpolated twitch and central activation ratio methods are considered to reliably assess the percent of a muscle group's mass that is activated during a voluntary contraction [4, 5] . Interestingly, the knee extensors have, on average, been observed to have a relatively low activation during a maximal voluntary isometric contraction (MVIC) compared to other muscles or muscle groups, including the biceps, brachialis, adductor pollicis, tibialis anterior, and ankle plantarflexors [5] . Activation of the knee extensor during a MVIC in otherwise healthy individuals has been reported on average to be in the 85-95% range, while the MVIC activation for other muscle groups exceeds 95%. We have reported a similar mean value for the knee extensors (i.e., 86%) in apparently healthy young adults but individual values in the study ranged greatly from 64 to 99% [6] . The lower knee extensor activation levels observed in healthy individuals may not affect typical activities of daily living, but they could limit athletic performance and/or affect injury prevention.
Knowing knee extensor activation during a MVIC could be useful clinical data for optimizing athletic performance, determining an athlete's ability to return to sport, and design of strengthening and rehabilitation programs. While it is possible to assess activation by performing the interpolated twitch and central activation ratio methods in the research laboratory, the techniques are not practical to perform in a clinical setting or on the training field because they require expertise and training not possessed by most clinicians, and utilize equipment not commonly found in the clinic. Also, the techniques are often
Abstract
Strength of a muscle group is determined by its physiological cross-sectional area and one's ability to activate the muscle group. Injury and disuse are associated with a decreased ability to maximally activate a muscle group. Clinical orthopedic measures such as manual muscle testing may provide an indication of muscle strength but no direct insight into the extent a muscle group is being activated. The objective of our studies was to determine the standard clinical orthopedic measures and/or medical history that can best predict muscle activation during a maximal voluntary isometric contraction (MVIC) of the knee extensors. Forty young, healthy subjects completed a pilot study (Study A), which included a medical history assessment and a comprehensive battery of lower-extremity orthopedic tests. The relation of these measures to MVIC knee extensor activation measured via the interpolated-twitch technique was determined. Subjects (n=108) completed a follow-up study (Study B) which further analyzed the best predictors determined from Study A, i.e., hip flexibility, myofascial trigger points (MTrP), and medical history. MTrPs in the knee flexors, hip pain/stiffness, and a medical history of lower-extremity injuries were determined by stepwise regression to be the most predictive measures for knee extensor MVIC activation. Mean knee extensor activation was 5-7% higher when MTrPs were present in the knee flexors than when they were absent (p≤0.006). Subjects with a history of hip pain/stiffness had, on average, 9.5% higher activations than did subjects with no history of such injury (p<0.001). Subjects with a history of lower-extremity injury had, on average, 4% higher activations than did subjects with no history of such injury (p=0.038). These three measures were however, relatively poor predictors, explaining less than 20% of the between-subject and -leg variance in activation. In conclusion, none of the collected medical history nor clinical orthopedic measures that were tested can adequately predict knee extensor activation during a MVIC in young, healthy subjects.
Introduction
Strength is determined not only by the anatomical properties of muscle (e.g., number of muscle fibers, muscle fiber diameter, considered uncomfortable by some subjects because of the stimulation of afferents, including those for pain, during muscle electrical stimulation. There are some clinical measures such as manual muscle testing and dynamometry that can provide a clinician with an assessment of strength but yield no direct insight into how much of a muscle is being activated during a contraction.
A means of predicting knee extensor activation without employing the interpolated twitch or central activation ratio method would be highly desirable. Clinical orthopedic measures combined with an athlete's medical history may be able to estimate MVIC knee extensor activation sufficiently enough for the clinician to evaluate and/or treat his/her patient. It would be ideal if the assessment could be easily performed in the clinic or on the training field. The objective of the studies reported here was to determine which clinical orthopedic measures and/or medical history could be used to estimate knee extensor muscle activation during a MVIC in an apparently healthy person.
Methods

Experimental approach to the problem
A pilot study, Study A, was conducted using medical history and an extensive battery of musculoskeletal clinical tests of both lower extremities to determine whether any or a combination thereof could predict knee extensor activation during a MVIC. A comprehensive follow-up study, Study B, was conducted employing more subjects and more extensive testing of the measures found from Study A to be predictive of muscle activation during a MVIC.
Subjects
Study A and B subjects were in the age range of 18-40 years and were recruited from the university and surrounding community. Potential subjects were screened by independent investigators and excluded from participation if they had a history of fibromyalgia or neuropathy, any significant lowerextremity injury (i.e., pain reported with a change in normal function lasting longer than 5 consecutive days) or surgery within the last year, and any known allergy to nickel in order to prevent a reaction to a component of the stimulation electrodes. Prior to testing, subjects in both studies completed a detailed medical history questionnaire that included physical characteristics as well as current and past medical history of any general medical or orthopedic condition. Table 1 lists the general categories of assessments used in the medical history questionnaire. Any admissions of prior or current injury and/or stiffness were clarified as to the affected side and when the injury occurred. An injury or complaint was considered current if it was present within the past week, and subjects were excluded if the injury met the exclusion criteria previously mentioned. Subjects in Study A consisted of 16 males and 24 females with a mean (±SD) age of 27.0 (±5.7) years. Subjects completing Study B consisted of 44males and 64 females with a mean age of 26.1 (±4.0) years. Three subjects did not complete Study B due to discomfort from the muscle electrical stimulation during the interpolated twitch technique and all data for these subjects was excluded from 
Procedures
Study A (pilot study) Table 2 provides a detailed listing of the 19 clinical orthopedic tests performed in Study A. Two independent investigators, blinded to the subject's history, examined each subject bilaterally for anterior and posterior cruciate ligament laxity, lower-extremity muscle tightness, and bony alignment. A knee laxity testing device(MED metric model KT 1000, San Diego, CA) was used to assess knee ligament laxity [7, 8] . Flexibility measurements of the lower extremities were performed using a standard goniometer, and included hip internal and external rotation measurements taken seated and prone [9] , knee flexor (i.e., hamstrings) muscle length measured supine [9, 10] , and hip joint flexibility when measured during maximal extension using the Modified Thomas Test [10, 11] . The Q-angle measurement of the knee, which gives an estimate of the line of pull of the vastus medialis, was measured standing using a standard goniometer [9] . Measurements from the two investigators were averaged.
The presence of active and/or latent myofascial trigger points (MTrP) in the bilateral knee extensors and flexors was determined independently by two investigators, with a MTrP considered to exist only if both investigators agreed on its presence. These two investigators were different from the investigators measuring lower extremity ligament laxity, muscle flexibility and bony alignment. Each individual muscle within the knee extensors and flexors was palpated, using trigger point palpation as outlined by Travell and Simons [12] . The first step was to explain the process of palpation and the numeric pain scale to the subject [13] . If the subject experienced pain equal to or greater than 4 out of 10 with palpation, a MTrP was considered to be identified. If palpation elicited a familiar pain for the patient, the MTrP was recorded as active; if the pain was unfamiliar, the MTrP was recorded as latent.
To assess knee extensor activation, the interpolated twitch technique was performed as we have described previously [6, 14] . The participant was seated in a KinCom III dynamometer (Chattecx, Chattanooga, TN) in a semi-reclined position with 110° of hip flexion and 70° of knee flexion. Two 7x10-cm adhesive electrodes (UniPatch 620SS, Wabasha, MN) were placed on the skin overlying the thigh, one over the distal vastus medialis muscle and the other over the proximal vastus lateralis muscle near the anteroinferior iliac spine of the ilium. The electrodes were connected to a constant-current stimulator (Digitimer model DS7AH, Hertfordshire, England) that was controlled using a 667-MHz Pentium computer, an A/D-and D/A-interface board (Keithley Instruments model KPCI-3108, Cleveland, OH), and custom-written software created with Test Point version 7.0 (Capital Equipment Co., Billerica, MA). The software and interface board also sampled the torque output signal from the KinCom III dynamometer at 5 kHz.
To determine the stimulation current needed for the interpolated-twitch contractions, a series of electricallystimulated isometric contractions of the knee extensors was performed with the current being increased on successive stimulations. Each stimulation consisted of a paired-pulse stimulation, that is, two 0.2-ms pulses separated by 10 ms. Stimulator current was initially set to 100 mA and increased by 20 mA on each successive stimulation. Progressively stronger stimulations were delivered once every 20 s until the peak contraction torque reached a plateau and then showed a decline on two successive stimulations. The current eliciting the highest peak torque on the plateau of the torque-current curve was used for the remainder of the test session.
For the interpolated-twitch contractions, the participant was instructed to perform a 3-s MVIC of his or her knee extensor muscles. Auditory cues elicited by the custom-written software were used to signal the participant to start and stop the contraction. At 2.5 s into the MVIC, the muscle group was stimulated with a paired-pulse stimulation, and the increase in torque over the MVIC level (i.e., interpolated-twitch torque [ITT]) was measured. At 2 and 4 s after the end of the MVIC, the paired-pulse stimulation was administered to relaxed muscle to determine peak electrically-evoked torque (EET); the average value for the two stimulations was used in the data analyses. The percentage muscle activation during MVIC was calculated as 100% x [1 -(ITT/EET)]. During the test session for each leg, six interpolated-twitch contractions were performed, with 1 min of rest between contractions. Of the six interpolated-twitch contractions, the three best attempts were determined and their data averaged together for use in subsequent analyses. The three best attempts were considered the three trials with the highest voluntary torques that also showed less than 10% variation across the plateau of the voluntary torque-time curve.
Test-retest reliability was assessed on all continuous measures in the study using 12 of the 40 subjects. These subjects were retested one week after their initial test session and intraclass correlations were calculated. The median intraclass correlation was 0.89, with the lowest being 0.84 for the hip joint flexibility assessment. It should be noted that these two values are above the reliability coefficient of 0.75 which Portney et al [15] states as good reliability.
Study B (comprehensive follow-up study)
Prior to initiation of the testing session, subjects completed a 5-minute warm-up on a Monarkcycle ergometer at a resistance eliciting a heart rate equivalent to ~60% of their estimated maximal heart rate; exercise at this percentage of maximal heart rate is roughly equivalent to 50% of maximal aerobic capacity. Table 3 provides a detailed listing of the 27 clinical tests performed in Study B. These tests were performed bilaterally to assess hip joint flexibility when measured during maximal extension and the presence of MTrP in the knee extensors and flexors. These tests were identified in Study A as the best clinical test predictors of knee extensor muscle activation. Two independent investigators assessed hip joint flexibility. Hip joint flexibility into extension was assessed using the Modified Thomas Test, further modified as described by Kendall [10] , by holding the ipsilateral knee at two angles, i.e., 80° and 0 o of knee flexion. This clinical test gives the examiner an indication of the relative lengths of the psoas, rectus femoris and iliotibial band muscles. Reflective markers were placed on the subject's greater trochanter and lateral epicondyle of the knee. While maintaining the contralateral lower extremity in full hip and knee flexion and the ipsilateral knee at 80 o , the ipsilateral lower extremity was lowered into maximal hip extension and a digital photograph was taken from the sagittal plane, capturing the markers' placement. The angle between the horizontal and the line bisecting the two markers was measured usingImageJ software (National Institutes of Health, Bethesda, MD) and was considered to be the maximum extension angle for the hip. The test was repeated with the ipsilateral knee fully extended. This testing position minimizes rectus femoris muscle length from limiting hip joint flexibility. If the measured angle was greater than 0° (i.e., leg above the horizontal), then the psoas was considered tight. Iliotibial band tightness was noted if the lower extremity abducted in the frontal plane past the neutral position when the fully extended ipsilateral knee was lowered. Rectus femoris was assumed to limit hip flexibility if the maximum hip extension angle was greater when the ipsilateral knee was maintained at 80 o as compared to when the knee was fully extended.
Palpation for the presence of active and latent MTrP was done by two different independent investigators using the technique described in Study A with an additional analysis of the data by muscle regions. Muscle palpation was done in this order: the vastus medialis, rectus femoris (divided into proximal, middle, and distal segments), vastus lateralis (divided into proximal, middle and distal segments), biceps femoris (divided into distal and middle segments), semimembranous and semitendinous(divided into distal and middle segments)and the proximal knee flexors (Figure 1 ). The two testers compared results, discussed any discrepancies present, and if necessary, repalpated to address the discrepancies. Both the order of testers and which lower extremity was assessed first were randomly assigned for each subject. After all clinical tests, knee extensor activation during a MVIC was assessed for both legs as described for Study A.
Statistical Analyses
To determine the relationship of knee extensor percent muscle activation to the subject characteristics, medical history and clinical test measures, Pearson correlations and independent t-tests, or Mann-Whitney tests where appropriate, were used for assessing continuous and dichotomous nominal predictor variables, respectively. Stepwise regression was used to determine the best combination of variables for predicting muscle activation. Variables permitted in the regression model included age, weight, orthopedic medical history for the lower extremity, and all 27 clinical tests in Study B. All statistical tests were performed using SPSS (ver. 18 ). An αlevel of 0.05 was used for all tests. Adjustments to the α level were not made for the repeated use of independent t-tests (or Mann-Whitney tests) and correlations because of the exploratory nature of those analyses.
Results
Study A (pilot study)
For the 40 subjects and 80 legs examined in Study A, the median knee extensor activation during a MVIC was 83.3%, with individual values ranging from 56 to 100%. For all clinical measures in Table 2 , hip flexibility, as assessed by the Modified Thomas Test, was the only clinical measure by itself that was significantly correlated with knee extensor activation during a MVIC. This correlation was present for both ipsilateral and contralateral lower extremities(r =0.24-0.25, p≤0.032). Here, a positive correlation means that greater knee extensor activation was associated with poorer hip flexibility (i.e., thigh could not be lowered to the horizontalor below during the Modified Thomas Test).
As determined by stepwise regression, the best combination of clinical predictors in the pilot study for knee extensor activation included four variables: contralateral Modified Thomas Test angle, presence of active MTrP in the ipsilateral knee flexors, presence of any type of MTrP in the ipsilateral knee extensors, and history of anterior cruciate ligament (ACL) tear or repair (R 2 = 0.224, p=0.001) ( Table 4 ). The positive coefficient for presence of active MTrP in the knee flexors indicates that knee extensor activation was higher if the subject had active MTrP in the knee flexors. The negative coefficients for both presence of any MTrP in the knee extensors and history of ACL tear/reconstruction indicates that knee extensor activation was lower for when MTrP were present in the knee extensors and when the subject had a history of ACL tear or reconstruction.
Study B (comprehensive follow-up study)
For the 108 subjects and 216 legs examined in the more comprehensive follow-up study (Study B), the median knee extensor activation was 86.5% with individual values ranging from 39 to 100%. For all clinical measures considered in Table  3 , the presence of latent MTrP in the proximal portion of the ipsilateral knee flexors or in the distal lateral portions of the ipsilateral or contralateral knee flexors were each associated with higher knee extensor activation ( Table 5 ). The mean knee extensor activations were 5.2-6.6% higher when MTrPs were present in any of these three regions than when they were absent (p≤0.006). The number of regions in the lateral knee flexors with MTrP was positively but weakly correlated with activation in both the ipsilateral and contralateral knee extensors (r=0.15-0.19; p<0.05) ( Table 6 ). The number of regions in the proximal knee flexors with MTrP was also positively correlated with activation in both ipsilateral and contralateral knee extensors (r=0.12-0.14; p<0.05). The number of regions in the knee extensors with MTrP, active or latent, was not significantly associated with knee extensor activation.
Several dichotomous medical history variables were associated with knee extensor activation during a MVIC (Table  5) . Subjects with a history of any lower-extremity injury had on average a 3.9% higher knee extensor activation than those without previous injury (p=0.038). To further delineate the type of lowerextremity injury history associated with higher activations, it was found that subjects with a history of lower-leg pain or muscle strain had 10.3-11.5% higher knee extensor activations than those without (p≤0.002). Interestingly, the number of prior or current lower-extremity injuries was positively correlated with knee extensor activation (r=0.14-0.17; p<0.05) ( Table 6 ).
As determined by stepwise regression, the best combination of clinical measures and/or medical history for predicting knee extensor activation included four variables: the number of ipsilateral lower-extremity injuries, the number of regions in the ipsilateral knee flexors with latent MTrP, a history of ipsilateral hip pain, and the presence of MTrP in the ipsilateral knee flexor muscles (R 2 =0.118, p<0.001) ( Table 7 ). The positive coefficients for the first three variables in the model indicate that knee extensor activation was higher in subjects who had a greater number of lower-extremity injuries, a greater number of regions of the lateral knee flexor muscles with latent MTrP, and a history of hip pain. The fourth variable in the model (i.e., a presence of MTrP in the knee flexor muscles) had a negative coefficient, which would as least partially offset the second variable in the model (i.e., number of regions of the lateral knee flexor muscles with latent MTrP). Interestingly, unlike in Study A, history of an ACL tear or reconstruction had no effect on knee extensor activation either individually or in combination with other variables.
Discussion
The objective of our studies was to identify commonly-used clinical orthopedic measures that could be used to predict the extent of knee extensor activation during a MVIC. In our pilot study (Study A), we screened a number of clinical measures and in Study B, we followed up with a more comprehensive examination of the more promising measures using a larger and more varied sample. MTrPs in the knee flexors, hip pain/stiffness, and a medical history of lower-extremity injuries were the most predictive measures for knee extensor activation during a MVIC. However, these measures, though statistically significant, were weak predictors and accounted for less than 20% of the between-subject and -leg variance in activation.
Stepwise regression in both studies revealed that the presence of MTrP in the knee flexors was predictive of higher knee extensor muscle activation. The effect of MTrP on muscle function has not been widely studied. There is evidence that the presence of MTrP can cause dysfunction within the muscle it resides by altering the motor pattern, i.e., recruitment and timing of muscle activation, possibly leading to a decrease in strength [16] [17] [18] [19] . It has also been shown that the presence of latent MTrP can cause an increase in intramuscular EMG activity and alter the synergistic muscle firing pattern during movement [20] . These studies do not however help explain our observations, which imply that MTrPs can affect muscles in which they do not reside. We are unaware of any evidence for MTrP having effects, much less beneficial effects, on antagonistic muscle function. The knee flexor MTrPs appear to have an excitatory effect on the knee extensors analogous to how activation of a Golgi tendon organ (GTO) has an excitatory effect on antagonist muscles. This plus the previous observation by Lucas and colleagues [17, 18] of MTrP having inhibitory effects on the muscle in which they reside is consistent with the action of a reflex loop similar to a GTOmediated one. It is interesting that Study A did find active MTrPs in the knee extensors to be predictive of decreased knee extensor activation which is consistent with the findings of Lucas et al [18] as well as our hypothesized GTO-like reflex loop. However, the Study A finding was not confirmed in Study B even though 60% of the lower extremities tested had MTrPs in the knee extensors. In retrospect, we wished that we had assessed muscle activation in both the knee flexors as well as the knee extensors. Doing this combined with the MTrP assessment in both muscle groups could have added clarity to our reflex loop hypothesis.
Unlike the research showing that lower-extremity pain and injury can cause a decrease in muscle activation and strength [1, 2, 21] we found a history of lower-extremity injury and hip pain/ stiffness to be predictive of higher knee extensor activation. We do not believe the injury/pain relationship with knee extensor activation is causal in nature. We instead speculate that athletic individuals are more likely to have accrued injuries over their years of training and that these individuals are also likely to have higher knee extensor activations again because of their years of training. Unfortunately, we did not assess the subjects' past and present training regimens nor their level of athleticism. We can only state that we had a young, active and generally healthy subject pool.
Having an ACL tear and/or reconstruction has been shown to lead to an inhibition of the knee extensors and to decrease strength and muscle activation for up to 2 years post injury [1, [21] [22] [23] [24] [25] . Our study's findings are not in congruence with this observation, i.e., ACL tear/reconstruction was not associated with knee extensor activation during a MVIC. Mean percent activations for subjects with and without an ACL injury history were nearly identical (i.e., 83.2% vs. 83.3%).However, only 8 (i.e., 3.7%) of the lower extremities studied in Study B had an ACL reconstruction.
We were puzzled by the lack of a relationship found between hip flexibility and knee extensor activation in Study B, whereas one was found in Study A. This might be explained by the fact that different testers were used in the two studies. Also, during the Modified Thomas Test, the knee was held at a constant 80 degrees of knee flexion in Study B whereas in Study A, the knee was flexed but not held at a specific angle.
In retrospect, we wished we had examined and evaluated the lumbar spine, specifically the L3/4 segments as these provide neural input to the knee extensors and could possibly affect muscle activation as shown by Grindstaff [26] . However, our medical history questionnaire did have several questions on low back injury and dysfunction and none were identified as predictors of knee extensor activation. While some functional movements and screening exams (i.e., vertical leap) are used to predict performance and/or injury in college and professional 
Conclusions
We identified MTrPs in the knee flexors, hip pain/stiffness, and a medical history of lower-extremity injuries to be statistically significant predictors of knee extensor activation during the performance of a MVIC. However, these are weak predictors and will not be useful clinically for estimating knee extensor activation. Measures not used in our studies that warrant evaluation for predicting activation include those assessing the lumbar spine and/or functional movements as assessed during athlete screening exams. At the present time, we do not see a viable alternative that can estimate knee extensor activation during a MVIC in lieu of using the interpolated twitch or central activation ratio techniques.
